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Plasma-based accelerators offer accelerating fields orders of magnitude higher than conventional
radio-frequency cavities. However, these accelerating fields are typically coupled with strong focusing
fields, which can result in significant radiative energy loss at high energies. In this work, we present
a new accelerator configuration, the Matryoshka channel, a hollow plasma channel stabilized by a
hollow plasma filament. We demonstrate that the absence of on-axis focusing plasma fields greatly
reduces radiation losses, allowing acceleration to the TeV frontier.
Plasma-based acceleration techniques [1] continue to
garner significant interest due to the high field gradients
that they support - orders of magnitude larger than con-
ventional accelerators [2, 3]. These high gradients of-
fer the potential to greatly reduce the size of accelerator
structures from the kilometre scale to the metre scale.
The premise is simple - a driver, either a charged par-
ticle bunch [4] or a laser pulse [5, 6], passes through
the plasma, perturbing the local plasma electron density.
The resulting oscillation in the plasma charge density has
a phase velocity equal to the group velocity of the driver.
A witness bunch can be injected such that it suppresses
this wakefield, resulting in the witness gaining energy.
For a laser driver, the energy gain is limited by dephas-
ing between the driver and the witness, which may be
overcome by staging [7]. For a charged-particle driver,
the limitation is driver depletion. This could be over-
come by staging, but a more attractive approach is to
use a structured driver [8]. This allows a larger acceler-
ating field acting on the witness relative to the decelerat-
ing field acting on the driver, increasing the energy gain
achievable in a single stage. This transformer ratio is lim-
ited to 2 for a symmetric driver [9], and is constrained
by the driver length for a tailored beam [10].
In addition to strong accelerating fields, the plasma
density perturbation leads to strong transverse fields. In
many regimes, these fields are beneficial. In the quasi-
linear regime [11], there exist separate phases of the wake-
field where electrons or positrons may be accelerated and
simultaneously focused. In the blowout regime, betatron
oscillations in the focusing field lead to synchrotron emis-
sion which may be used as a diagnostic tool [12]. Inter-
action with a laser pulse may be used to enhance this
emission [13, 14].
The radiative losses arising due to these strong focus-
ing fields will ultimately act to reduce the energy gain in
a plasma accelerator. Even in the case where the wake-
field generated by the driver is weak, a low-emittance
witness beam will drive its own nonlinear wake, again
resulting in strong focusing. An analytical treatment of
the blowout regime shows a self-similar scaling, with the
radiation-reaction force tending to 2/3 of the accelerating
force [15].
Acceleration in a hollow plasma channel [16] would
avoid the presence of focusing fields. This would have
the dual benefits of avoiding the modulation instability
[17, 18] and minimizing betatron oscillations. The former
allows the use of a long driver, maximizing the trans-
former ratio, while the latter reduces the radiative en-
ergy loss. Unfortunately, acceleration in a hollow plasma
channel is subject to the hosing instability [19, 20] in
which the driver and witness are attracted to the chan-
nel walls, preventing any meaningful acceleration. Re-
cent work has shown that stable acceleration is possible
by using a coaxial plasma channel [21], a hollow channel
stabilized by an on-axis plasma filament. This avoids the
modulation instability, allowing a high transformer ratio.
However, the strong focusing by the ion filament means
that radiation damping at high energies will persist.
In this paper, we present a new configuration – the
Matryoshka channel – a hollow plasma channel stabilized
by a hollow on-axis plasma filament. A tightly focused
drive beam excites a wakefield in the channel and simul-
taneously scatters electrons from the filament. The non-
linear focusing provided by the filament leads to trans-
verse phase mixing within the driver. For a sufficiently
high transverse momentum spread, this suppress the hos-
ing instability. A short witness bunch does not require
phase mixing to stabilize against the hosing instability,
and so a low-emittance witness propagating within the
ion filament may be used, almost eliminating radiation
damping.
The configuration of the Matryoshka channel, so
named because of the Russian doll, is shown in Fig. 1. It
consists of a hollow plasma channel - a cylindrical void in
the bulk plasma - with a narrow, on axis plasma filament,
which itself contains a hollow channel. A plasma density
of n = 1.1× 1017 cm−3 is used for both the bulk plasma
and the filament, corresponding to a plasma wavelength
2pi/kp = 100 µm, where kp = ωp/c. The plasma chan-
nel has a radius of 3/kp, and the filament has an outer
radius of 0.22/kp and an inner radius of 0.1/kp. In phys-
ical units, these correspond to 48, 3.6 and 1.6 µm. For
the driver, a simple linearly ramped current profile is
used, with length 22/kp and a peak current of 6.7 kA. A
ramped witness beam of length 1.5/kp and charge 30 pC
propagates behind the driver. Both the driver and wit-
ness have an initial energy of 150 GeV. Helium is used
for the filament ions, while ions in the bulk plasma are
assumed to be stationary.
In order to demonstrate this scheme, we use the fully
three-dimensional quasi-static particle-in-cell code qv3d
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FIG. 1. Geometry of the Matryoshka channel. (a) A ramped
drive beam (purple) propagates left-to-right through a hollow
plasma filament, which itself lies along the axis of a hollow
plasma channel. The response of the plasma electrons (green)
and filament ions (yellow) generates (b) longitudinal and (c)
transverse wakefields, which can be used to accelerate a wit-
ness bunch inside the filament (shown in black in (a)), while
keeping the driver focused. The plotted density, ρ, represents
the total charge of the filament plus the electron charge for
the bulk plasma. Ec = mcωp/e is the critical field.
[22], developed on the VLPL platform [23]. This greatly
reduces the computational overhead of simulations while
retaining the relevant physics, allowing acceleration into
the TeV regime to be modelled. A simulation cell size of
(0.1 × 0.04 × 0.04)/kp is used, with the plasma particle
push divided into two substeps, and a timestep of 100/ωp.
4 particles per cell are used to model the bulk plasma,
and 64 for the filament. For the driver and witness, a
near constant macroparticle weight is used within each
beam slice, which ensures the resolution is maintained
as particles execute betatron oscillations. For the initial
unfocussed drive beam with RMS radius 0.4/kp, 512 par-
ticles per cell are used at its maximum density on axis,
and 4096 for the initial witness of radius 0.07/kp. This
corresponds to an average of ∼ 120 and ∼ 220 particles
per cell, respectively,
Acceleration in the Matryoshka channel is modelled
over a distance 1× 107/kp, corresponding to 160 m. The
evolution of the witness and drive beams are shown in
Fig. 2. The witness reaches an energy of 910 GeV, corre-
sponding to a transformer ratio of 5.1. The average driver
energy falls to 40 GeV, although depletion is nonuni-
form due to the non-constant decelerating field, as seen in
Fig. 1, resulting in modulation of the driver over this dis-
tance. The normalised witness emittance remains below
1 µm over most of the acceleration distance, increasing
0
 250
 500
 750
 1000a
W
itn
es
s e
ne
rg
y
(G
eV
)
Matryoshka channel Coaxial channel
0
 0.5
 1
 1.5
 2b
W
itn
es
s c-
*
(µ
m
)
0
 40
 80
 120
 160
0 40 80 120 160
c
Dr
ive
r e
ne
rg
y
(G
eV
)
Distance (m)
FIG. 2. Evolution of the (a) witness energy and (b) emittance
and (c) driver energy, for the Matryoshka (hollow filament, in
purple) and coaxial (solid filament, green dashed) channels.
Radiation damping in the coaxial channel prematurely de-
pletes the driver and reduces the witness energy gain, while
the Matryoshka channel allows acceleration to the TeV level.
The emittance growth in both cases is likely dominated by
numerical noise.
rapidly towards the end of the simulation as sections of
the driver become depleted and dephase.
For comparison, simulations carried out in a coaxial
channel [21], i.e. with a solid filament, are also shown.
A solid filament of radius 0.2/kp is used to give the same
total electron charge as for the hollow filament. Other
parameters are as for the simulations of the Matryoska
channel. As can be seen, the solid filament leads to slower
witness energy gain and faster driver depletion, resulting
in a lower final witness energy of 630 GeV. This corre-
sponds to a transformer ratio of only 3.2, i.e. a reduction
in the energy gain of 40%, despite the initial wakefield
being almost identical to the Matryoshka channel.
To understand this difference, we consider a relativis-
tic electron with Lorentz factor γ acted upon by a trans-
verse force F⊥. The electron will radiate with a power
Prad = (2re/3mc)γ
2F 2⊥, lowering its total energy. Here
re = (1/4piε0)e
2/mc2 is the classical electron radius, −e
and m are the electron charge and mass, c the vac-
uum speed of light, and ε0 is the permittivity of free
space. For betatron oscillations inside a solid ion fil-
ament, F⊥ = mω2βr = mω
2
pr/2γ, where r is the oscilla-
tion amplitude and ωp =
(
ne2/ε0m
)1/2
is the plasma
frequency, with n the quiescent plasma density.
We note that for a focused beam, the normalized emit-
tance reduces to ∗y = γσyσy′ , where σy,y′ are the RMS
spread of the transverse position and angle of propaga-
tion, respectively. For a relativistic beam undergoing be-
tatron oscillations, this can be written ∗y = γσyσvy/c =
γωβσ
2
y/c. Assuming 
∗
y = 
∗
z = 
∗, the average radiated
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FIG. 3. Evolution of the driver and witness beams entering
the plasma, for both an initially wide (purple) and narrow
(green, dashed) driver. a) driver radius, b) driver emittance,
c) witness emittance. The plasma density is shown (black
dotted line) for comparison. An initially narrow driver will
rapidly hose within the filament, greatly increasing the emit-
tance of the witness.
power is therefore
〈Prad〉 =
√
2mre
3
γ3/2ω3p
∗. (1)
For realistic parameters, this can be a significant frac-
tion of the rate of energy exchange with the wakefield,
decreasing the rate at which the witness gains energy,
and increasing the rate at which the driver is depleted.
In the Matryoshka channel, the electron beam propa-
gates in a hollow filament of inner radius ri, such that
the oscillation amplitude r of an individual electron im-
pinges only a small distance into the filament wall before
being reflected. These half-oscillations inside the wall are
approximately sinusoidal in the limit r − ri  ri, with
a frequency ωw = ωp/
√
γ. Although this frequency is
higher than the oscillation frequency ωβ for a solid fila-
ment, particles spend only a small time τw ∼ pi/ωw in
the filament wall, compared to the time traversing the
cavity, τc ∼ 2ri/((r − ri)ωw). As there are no transverse
plasma fields in the cavity, the average radiative loss is
therefore greatly reduced. One additional advantage of
this scheme is that τc depends strongly on the oscilla-
tion amplitude, introducing significant transverse phase
mixing and suppressing the hosing instability.
To avoid the problem of “threading the needle” – fo-
cusing a high emittance drive beam into a narrow hol-
low filament – we make use of a plasma density ramp.
An initially wide drive beam with RMS radius 0.4/kp =
6.4 µm is used, with emittance matched to an external
quadrupole focusing field gradient of 0.01 kpT, equivalent
to 0.16 T/mm. Electrons oscillating in the external field
become trapped near the axis as the plasma density in-
creases. A ramp length of 2×104/kp = 3.2 m is used to al-
low efficient trapping of the beam. Figures 3a,b show the
evolution of the drive beam as it becomes trapped, with
the radius decreasing as the emittance grows. The result-
ing phase mixing suppresses the hosing instability, which
keeps the witness emittance low, as seen in Fig. 3. For
comparison, an initially narrow driver of radius 0.08/kp
matched to the same external field will rapidly hose inside
the filament, resulting in an orders-of-magnitude greater
witness emittance. Using an external magnetic field has
the additional benefit of preventing the free expansion
of the leading edge of the driver, which can modify the
wakefield over long distances [21].
The creation of the Matryoshka channel could be
achieved via ionization by the transverse field of a rela-
tivistic charged particle beam, which naturally produces
a hollow filament [24]. This would avoid the need for
laser ionization, which would introduce additional com-
plications with alignment. For a symmetric beam, the
on-axis field is zero, and so ionization naturally leads to
a hollow filament. In atomic units, the critical field of
ionizition is Ei = 1/16n
∗4, with n∗ = Z/
√
2Ip the effec-
tive quantum number, where Z is the atomic residue and
Ip the ionization potential [25]. Considering the trans-
verse field generated by a Gaussian beam of RMS radius
σr and current Ib, we derive an engineering formula for
the maximum ionization potential for which the critical
ionization field for single ionization can be reached:
Ip [eV] = 12.6
√
Ib [kA]
σr [µm]
. (2)
For the parameters used in this work, this corresponds
to a required beam current ∼ 9.7 kA for the creation of
the hollow filament, and ∼ 240 kA for the outer plasma
channel. The entire process of channel creation and ac-
celeration could be realised in a single beamline.
The high emittance seen in simulations is dominated
by numerical noise – relatively few particles per cell are
used, and the particle beams are initialized with a ran-
dom Gaussian velocity distribution. Simulations are,
however, demanding, and using more particles per cell
quickly becomes computationally prohibitive. In order
to reduce the computational overhead, allowing a higher
resolution to be used, a fully 3D cylindrical-geometry
model for qv3d is under active development, and will be
published elsewhere. Furthermore, a number of physical
techniques may be used to reduce the emittance. Phase
mixing reduces the growth rate of the hosing instability,
and so a higher driver emittance could be used to fur-
ther improve the quality of the witness beam. Adding
an energy chirp to the driver could also reduce the wit-
ness emittance through the BNS stabilization mechanism
[26]. If the emittance could be reduced to the order of
0.1 µm, it would also be possible to accelerate positrons
in the channel, with the bunch constrained by an external
quadrupole field.
4Further optimization of the system is certainly possi-
ble. A tailored drive beam can be used to give a near-
constant accelerating field acting on the driver, maximiz-
ing the transformer ratio [8]. A full treatment requires
that the nonlinear response of the channel be taken into
account [27]. Use of a tailored witness current profile al-
lows the accelerating field to be locally flattened through
beamloading, resulting in a monoenergetic bunch [28].
The main constraints of the Matryoshka channel are on
the driver. The driver current should not be so high as to
cause additional ionization, which would act to cause ad-
ditional beamloading and prematurely deplete the pump.
Further, the integrated driver charge should not be so
high as to cause the hollow ion filament to collapse be-
fore the witness, which would introduce radiative losses
as in the solid filament case. The driver emittance also
needs to be sufficiently large to prevent the hosing in-
stability from developing, which in turn would lead to a
high witness emittance.
In conclusion, we have demonstrated a new acceler-
ation scheme, the Matryoshka channel, consisting of a
hollow plasma channel stabilized by a hollow plasma fil-
ament. The use of a hollow plasma channel allows a long
driver to be used, increasing the energy gain achievable in
a single stage. Stabilization by a hollow filament greatly
reduces losses to radiation damping, which act to prema-
turely deplete the driver and lower the rate of energy gain
by the witness. Three dimensional PIC simulations have
been carried out to demonstrate the scheme, showing ac-
celeration of a witness bunch from 150 to 910 GeV over
160 m by a 150 GeV driver, representing a transformer
ratio of 5.1. Simulations carried out with the equivalent
geometry with a solid filament achieved a transformer
ratio of only 3.2. The Matryoshka channel therefore rep-
resents a promising pathway to accelerate electrons to
the TeV level using currently available technology.
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